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The  combination  of  bottom-up  and  top-down  processes  to 
organize  nanophases  in  hybrid  materials  is  a  key  strategy 
to  create  functional  materials.  We  found  that  oxide  and 
sulphide  nanocrystals  become  spontaneously  dispersed  in 
organic  media  during  the  self-assembly  of  nanoribbon 
supramolecular  polymers.  These  nanoribbon  polymers  form 
by  self-assembly  of  dendron  rodcoil  molecules,  which 
contain  three  molecular  blocks  with  dendritic,  rod-like, 
and  coil-like  architectures.  In  an  electric  field  these 
supramolecular  assemblies  carrying  bound  nanocrystals 
migrate  to  the  positive  electrode  in  an  etched  channel  and 
align  in  the  field.  In  the  system  containing  ZnO  nanocrystals 
as  the  inorganic  component,  both  phases  are  oriented  in  the 
hybrid  material  forming  an  ultraviolet  lasing  medium  with  a 
lower  threshold  relative  to  pure  ZnO  nanocrystals. 


Over  the  past  decade  great  progress  has  been  made  on  synthesis  of 
nanostructures  as  a  tool-set  for  new  materials  and 
nanotechnology.  Inorganic  examples  include  semiconductor 
quantum  dots*"^  carbon  nanotubes^  inorganic  nanowires^®, 
nanobelts^  and  metal  clusters®  ^  Organic  structures  with  dimensions  in 
the  nanometre  range  have  also  been  prepared  shaped  as  tubes'®, 
mushrooms",  ribbons'^  fibres"  and  dendritic  particles"*'^ 
The  organization  of  very  large  arrays  of  nanostructures  into  functional 
systems  that  go  well  beyond  the  nanoscale  has  been  a  less-common 
topic  of  research.  The  systems  reported  include  colloidal  crystals  of 
quantum  dots^  piezoelectric  layered  films  of  mushroom -shaped 
objects'®,  carbon  nanotube  single  crystals"  and  nanowire  arrays®. 
We  report  here  on  the  dispersion  of  inorganic  nanocrystals  of  ZnO, 
Ti02  and  CdS  from  the  bottom  of  organic  solutions  during  the  self- 
assembly  of  monomers  into  ribbon-shaped  supramolecular  polymers. 
We  also  report  on  properties  of  millimetre-size  arrays  of  these  hybrid 
dispersions  aligned  in  electric  fields. 

Dilute  solutions  in  organic  solvents  of  dendron  rodcoil  (DRC) 
molecules,  with  blocked  covalent  architecture  consisting  of  coil-like, 
rod-like  and  dendritic  segments,  were  previously  reported  to  self- 
assemble  into  nano  ribbons  (see  Fig.  1 ).  These  nanoribbons  have  widths 
of  10  nm,  thickness  of  2  nm,  and  lengths  of  up  to  10  pm  (ref,  1 2).  In  this 
work,  we  mixed  ZnO  nanocrystals  (average  particle  size  of  24-71  nm, 
purchased  from  Nanophase  Technologies,  Illinois)  in  dilute  solutions  of 
DRC  molecules  in  2-ethylhexyl  methacrylate  (EHMA).  The  ZnO  size 
range  was  confirmed  by  transmission  electron  microscopy  (TEM),  and 
most  of  the  crystals  were  found  to  be  single  crystals  as  revealed  by 
electron  diffraction.  In  a  typical  experiment,  20  mg  of  DRC  molecules 
and  20  mg  ofZnO  nanocrystals  were  added  to  1  g  of  EHMA  solvent,  and 
the  mixture  was  ultrasonicated  and  then  heated  in  an  80  °C  water  bath. 
Interestingly,  without  disturbance  at  room  temperature,  the  ZnO 
crystals  become  dispersed  throughout  the  organic  medium  as  self- 
assembly  proceeds.  As  a  control  sample,  an  isotropic  aqueous  poly(  vinyl 
alcohol)  (PVA)  gel  was  also  prepared  by  adding  20  mg  of  PVA 
(purchased  from  Aldrich,  124,000  to  186,000)  and  20  mg  of  the 
same  ZnO  crystals  in  1  g  of  water.  The  solution  was  stirred  and 
ultrasonicated  for  30  minutes.  About  0.13  g  of  saturated  borax  water 


HO 


Figiirt  1  Chemical  smictiffe  Of  a  dendm 


solution  (at  room  temperature)  was  then  added  to  promote  gelation  in 
the  solution  v/hUe  it  was  stirred  and  sonicated  for  another  30  minutes. 
Without  disturbance  the  PVA  gel  was  formed  in  about  one  week. 

Figure  2a  shows  the  ZnO  dispersed  in  DRC  gel  and  its 
corresponding  mineral  concentration  profile — measured  using 
reflection-mode  photoluminescence — as  a  function  of  height. 
In  Fig.  2b,  the  concentration  profile  of  ZnO  in  the  PVA  gel  demonstrates 
that  most  of  the  mineral  has  remained  at  the  bottom  of  the  vial. 
We  succeeded  in  achieving  similar  dispersions  for  CdS  crystals  (Fig.  2c; 
average  particle  size  of  ~50  nm)  as  well  as  TiO,  crystals  (not  shown; 
average  particle  size  of  25-5 1  nm,  Nanophase  Technologies. ).  All  images 
in  Fig.  2  were  taken  at  least  one  month  after  the  gels  were  formed. 


Without  any  ultrasonication  (just  heating  to  80  ®C)  but  otherwise 
following  the  same  procedures  described  above,  we  prepared  another 
DRC  gel  and  a  PVA  gel  both  containing  ZnO  crystals,  and  kept  them 
undisturbed  for  over  6  months.  In  this  case,  a  more  remarkable 
difference  was  observed  in  dispersion  of  crystals  between  the  self¬ 
assembling  DRC  gel  a  nd  the  isotropic  PVA  gel.  In  the  PVA  sample,  the  gel 
appears  transparent  whereas  there  is  very  obvious  opacity  in  the  DRC 
gel  due  to  dispersion  of  ZnO  crystals.  Therefore,  self-assembly  of  the 
nanoribbon  supramolecular  polymers  results  in  much  more  effective 
dispersion  of  ZnO  crystals  relative  to  a  crosslinked  gel  of  an  ordinary 
polymer.  As  no  ultrasonication  was  applied,  some  large  clusters  of  ZnO 
crystals  remain  at  the  bottom  of  the  DRC  gel. 


Hgura  2Stt)nodbpcrskmcliwnociys*alslnDRCgels.a,Phctographcrfa2virt%Zn(>-2wt%DRC>THMA9ela^ 
b,  photograph  Gl  a  2  wt%  Zn0~2  wt%  PVA--ty)  gel  and  its  vertioJ  concentration  profile  for  ZnO 
rancerilration  profile  tor  CdS  nanopartictes.Thegeltobwasitomina!edfrombehindtorevealthe2nOsed 
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In  Fig.  3  we  show  a  schematic  representation  of  crystal  dispersion  as 
organic  nanoribbons  form  by  self-assembly.  We  are  not  certain  at  this 
time  what  might  be  the  mechanism  of  crystal  dispersion  during  this  self- 
assembly  process.  However,  it  is  possible  that  binding  and  therefore 
dispersion  of  crystals  by  the  rigid  1 0-nm-wide  polymers  is  much  more 
effective  than  binding  and  dispersion  by  flexible  and  thin  polymer 
chains.  One  would  expect  DRC  nanoribbons  and  PVA  chains  to  have 
similar  capacity  to  bind  crystals  based  on  OH  group  functionality. 
OH  groups  are  of  course  present  in  repeats  of  PVA  and  on  the  basis  of 
earlier  structural  studies  of  the  nanoribbons’-  we  expect  free  OH 
(phenolic)  groups  to  be  present  in  DRC  nanoribbons  as  well. 
However,  the  greater  rigidity  and  surface  area  per  monomer  in  DRC 
nanoribbons  (widths  equivalent  to  tens  of  ordinary  polymer  chains) 
could  make  them  more  effective  binders  of  crystals.  This  way,  crystals 
trapped  by  the  nanoribbons  are  effectively  dispersed  against  gravity  by 
Brownian  motion. 

The  high  aspect  ratio  of  the  nanoribbons  offers  the  possibility  of 
uniaxial  alignment  in  electric  fields.  In  addition,  ZnO  crystals  have  a 
polar  c  axis‘^  and  therefore  once  bound  to  nanoribbons  could  be 
simultaneously  aligned  by  the  field  in  hybrid  materials.  For  this  purpose, 
a  glass  coated  with  indium  tin  oxide  (ITO)  was  etched  using 
hydrochloric  acid  to  form  two  rectangular  ITO  electrodes  leaving  a  gap 
with  a  width  between  0.3  and  2  mm  where  gels  were  placed  and  exposed 
to  electric  fields.  Before  applying  the  field,  both  DRC-EHMA  and 
ZnO-DRO-EHMA  gels  appeared  birefringent  with  randomly  oriented 
domains  when  viewed  optically  between  crossed  polarizers  (P  and  A;  see 
Fig,  4a).  On  application  of  a  d.c.  electric  field  of- 1,500V  cm”’  or  higher, 
a  clear  liquid  (which  later  proved  to  be  EHMA  monomer)  oozed  out  of 


the  gel  towards  the  negative  electrode  side.  At  the  same  time,  strongly 
birefringent  domains  moved  slowly  towards  the  positive  electrode. 
These  observations  suggest  the  occurrence  of  electrophoresis^^ 
separating  the  DRC  nanoribbons  from  the  solvent  of  the  gel.  Poling  for 
one  day  resulted  in  a  visually  smooth  fihn  with  a  thickness  between  10 
and  20  \xm  as  measured  by  a  surface  profiler  (Tencor,  P-10),  The  net 
weight  of  the  poled  film  was  about  4%  that  of  the 
2  wt%DRC-2  wt%ZnO-EHMA  gel  placed  in  the  etched  gap  before 
poling,  or  about  2%  when  a  2  wt%  DRC-EHMA  gel  was  poled. 
We  therefore  conclude  that  most  of  the  EHMA  monomer  evaporated 
during  poling,  leaving  a  solid  material  formed  by  nanoribbons  that 
migrated  to  the  positive  electrode. 

In  Fig.  4b,  a  poled  DRC  film  is  shown  in  which  the  poling  direction 
makes  a  45®  angle  with  the  directions  of  the  polarizer  and  analyzer  in  the 
microscope.  When  the  poled  film  was  rotated  so  that  the  poling 
direction  was  parallel  or  perpendicular  to  the  polarizer-analyzer  pair 
(shown  in  Fig.  4c),  the  transmitted  light  intensity  was  greatly  reduced. 
Thus,  Fig.  4b, c  suggests  a  unidirectional  orientation  of  DRC 
nanoribbons  in  the  poled  film^’.  Similar  unidirectional  birefringence 
was  observed  in  DRC-ZnO  poled  samples.  We  also  analysed 
ultramicrotomed  sections  of  the  poled  DRC  film  by  TEM.  The  TEM 
image  in  Fig.  5a  from  the  samples  sectioned  along  the  poling  direction 
shows  nanoribbons  with  a  spacing  of  about  8—9  nm  that  are  parallel  to 
the  poling  direction.  No  nanoribbons  could  be  observed  in  samples 
sectioned  perpendicular  to  the  poling  field  (see  Fig.  5b),  The  TEM  and 
polarized  microscopy  indicate  that  nanoribbons  align  mostly  parallel  to 
the  poling  direction  and  collapse  into  unidirectional  dense  arrays. 
This  destroys  the  nanoribbon  network  that  exists  in  the  gel  state  before 


Figure  3  Schematic  representation  of  ZnO  nanocrystai  dispersion  from  the  bottom  of  organic  soiutions  by  nanoribbons  formed  by  self-assembly  of  DRC  molecules. 

a,  Crystals  are  atthe  bottom  of  the  monomer  solution  before  self-assembly  of  DRC  molecules;  also  shown  is  aTEM  image  of  some  typical  ZnO  crystals.The  darker  areas  in  the  image 
correspond  to  the  ZnO  crystals  aligned  normal  to  the  figure  plane .  b,  Crystals  are  bound  by  nanoribbons  as  self-assembly  proceeds.  c,The  network  of  nanoribbons  with  bound  and 
dispersed  crystals. 
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Hgure  4  Bectric  fields  unkHrectlonally  orient  DRC  nanoribbons.  a,b,  Optical 
micrographs  between  crossed  polarizers  (A  and  P)  of  a  2  wt%  DRO-EHM  A  before  (a)  and 
after  (b)  exposure  to  a  1 ,500 V cm“’  electric  field,  c,  Optical  micrograph  obtained  when  the 
poling  field  direction  is  parallel  to  P  and  perpendicular  to  A. 


solvent  evaporation.  We  believe  that  the  migration  of  ribbons  to  the 
positive  electrode  could  be  based  on  partial  ionization  of  phenolic 
groups,  and  that  inter-ribbon  hydrogen  bonding  could  be  an  important 
stabilization  factor  in  the  collapsed  gel. 

Electrical  orientation  of  the  ZnO  crystals  during  electrophoresis 
was  investigated  using  ultraviolet-visible  spectroscopy  and  second- 
harmonic  generation  (SHG)  measurements.  A  Cary  500  UV-VIS 
spectrophotometer  was  used  to  obtain  absorption  spectra  of  the  poled 
DROZnO  thin  films  using  linearly  polarized  light  and  scanning 
through  the  intrinsic  absorption  wavelengths^'  of  ZnO.  When  the 
sample  was  placed  with  the  poling  direction  parallel  to  the  electric  field 
£of  the  light,  its  absorption  spectrum  showed  a  consistent  blue  shift  of 
30±5meV  relativetothespectrum  obtained  with  Eperpendiculartothe 
poling  direction  (see  Fig.  6).  The  shift,  which  should  be  due  to  ZnO 
intrinsic  exciton  absorption  selection  rules  at  room  temperature, 
indicates  that  the  ZnO  crystals  have  a  preferential  c-axis  orientation 
along  the  poling  direction^^''*.  As  the  similarly  poled  pure  DRC 


Figure  5  TEM  reveals  the  orientation  of  DRC  nanoribbons  along  the  poling  direction. 

a.b.TEM  micrographs  of  the  OsO^-stalned  poled  DRC  nanoribbon  film  sectioned  parallel  (a) 
and  perpendicular  (b)  to  the  poling  direction.The  black  arrowheads  in  a  point  to  some  of  the 
nanoribbons  in  the  micrograph. 


nanoribbon  film  did  not  show  this  difference,  we  attribute  the  shift  to 
ZnO  orientation.  The  preferential  c-axis  orientation  is  also  consistent 
with  the  fact  that  polar  ZnO  single  crystals  would  align  along  the  applied 
electric  field  to  lower  their  energy^\  Annealing  at  1 00  °C  for  one  day  did 
not  change  the  absorption  .shift  significantly,  suggesting  the  strurtural 
stability  of  the  poled  DRC-ZnO  film  at  this  temperature.  SHG 
measurements  also  suggested  that  the  ZnO  crystals  in  the  poled  DRC 
nanoribbons  orient  with  field  direction.  It  was  found  that  the  p- 
polarized  SHG  signals  produced  with  either  s-  or  p-polarized 
fundamental  beams  were  significantly  larger  than  the  s-polarized  SHG 
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Table  1  Second  harmonic  generation  (SHG)  signals  produced  with  either 
s-  or  p-polarized  fundamental  light  from  poled  ZnO-DRC  films. 


Fundamental 

polarization 

P 

s 

s 

P 

SHG 

polarization 

P 

P 

s 

s 

4hg  (^U.) 

663  ±56 

591  ±15 

392  ±15 

398  ±23 

signals  (see  Table  1).  As  the  poling  direction  of  films  is  parallel  to  the 
electric  field  of  the  p-polarized  incident  beam,  this  anisotropic 
distribution  of  SHG  intensity  again  suggests  a  preferential  c-axis 
orientation  of  the  ZnO  nanocrystals. 

Ultraviolet  emission  from  ZnO  has  attracted  great  interest  in  recent 
years^*^^^’  and  we  therefore  measured  this  property  in  the  aligned  hybrid 
materials.  At  room  temperature,  ZnO  has  a  direct  bandgap  in  the 
ultraviolet  range  (3.37  eV)  and  an  exciton  binding  energy  of  60  meV, 
making  it  a  potential  candidate  for  room-temperature-operated 
ultraviolet  light-emitting  diodes  (LEDs)  and  lasers^.  The  embedded 
ZnO  nanocrystals  in  die  poled  DRC  films  (generated  firom  the 
2  wt%ZnO-2  wt%DRC-EHMA  gel)  gave  rise  to  ultraviolet  emission  at 
room  temperature  when  excited  with  a  Q-switched  mode-locked 
Nd:YAG  laser  (355  nm,  10  Hz,  35  ps).  When  the  pumping  laser  power 
was  gradually  increased,  broad  spontaneous  emissions  were  first 
observed,  followed  by  peak  sharpening  and  faster  growth  rates  of 
emission  intensity  as  pumping  exceeded  a  threshold  value  (shown 
representatively  in  Fig.  7a).  The  peak  intensity  (in  arbitrary  units) 
versus  the  natural  logarithm  of  pumping  laser  single  pulse  energy  is 
plotted  in  Fig.  7b  revealing  clearly  a  threshold  behaviour.  When  pulse 
energy  exceeded  -0.560  mj,  peaks  in  the  spectra  were  extremely  narrow 


Wavelength  (nm) 


Flgura  6  Ultraviolet-visible  absorption  spectra  of  poled  ZnO-DRC  hybrid  films  with 
the  electric  field  of  the  linearly  polarized  probe  light  either  parallel  (E//poling)  or 
perpendicular  (Elpoling)  to  the  poling  direction. 


with  a  full-width  at  half-maximum  of  0. 1 8  ±  0.03  nm  (Fig.  7a,  inset)  and 
- 1 00%  polarized. 

We  also  prepared  control  samples  by  firmly  sandwiching  between 
two  glass  slides  a  thin  layer  (defined  by  spacers  25  pm  thick)  of  the  same 
ZnO  crystals  used  in  the  other  experiments.  When  subjected  to  the  same 
pumping  setup,  lasing  emissions  did  occur  from  these  samples,  but 
interestingly  the  threshold  (measured  in  single  pulse  energy)  was  40  ±  7 
times  higher  than  that  of  the  poled  DRC-ZnO  film  (Fig.  7b).  We  also 
measured  the  threshold  for  identically  prepared  but  unpoled 


Figure  7  Ultraviolet  emission  from  poled  DRC-ZnO  films  with  lower  threshold,  a,  Increasing  pumping  power  induces  emission  peak  growth  and  narrowing  from  ZnO  nanocrystals  in 
the  poled  DRC-ZnO  film  (pumping  pulse  energy  is  indicated  for  each  spectrum).  Extremely  sharp  spectra  occurforapulse  energy  over  -0.560  mJ  (inset).b,  Representative  curves  of 
photoluminescence  (PL)  peak  intensity  versus  In  of  pumping  laser  pulse  energy  for  the  poled  ZnO-DRCtilm,unpoledZn0-DRCfiIm, and  the  pure  ZnO  powder  control  sample  that  hasa 
nanocrystal  density  about  twice  that  in  the  poled  and  unpoled  ZnO-DRC  films. 


DRC-ZnO  films.  The  threshold  (in  single  pulse  energy)  ratio  of  the  pure 
ZnO  crystals  to  the  unpoledDRC-ZnO  samples  was6.7±3.8  (Fig.  7b). 
Even  though  the  exact  mechanism  for  the  decreasing  threshold  values 
remains  unknown>  one  could  suggest  that  it  may  be  related  to  the 
macroscopic  orientation  of  ZnO  crystals  guided  by  nanoribbon  arrays. 
ZnO  powder  samples  are  not  expected  to  have  any  significant 
macroscopic  orientation  of  crystals.  ZnO  media  with  a  high  degree  of 
structural  order  such  as  ZnO  nanowire  arrays^  or  epilayers  grown  on 
lattice-matched  substrates^*  ^^  tend  to  have  a  lower  lasing  threshold  than 
those  with  a  low  degree  of  order  such  as  non-epitaxial  ZnO  fllms^^•^^  or 
ZnO  pellets  made  of  pressed  powders^^  In  this  context  it  may  be 
reasonable  to  suggest  that  the  much  lower  threshold  relative  to  control 
samples  is  connected  to  the  higher  order  parameter  achieved  in  the 
poled  DRC—ZnO  hybrid  material  by  combining  nanoscale  self- 
assembly  and  crystal  dispersion  with  externally  applied  potentials. 
In  unpoled  DRC-ZnO  films,  DRC  nanoribbons  form  domains  with 
sizes  around  0.1  mm  that  match  the  diameter  of  the  focused  pumping 
laser  beam.  Within  each  domain  the  nanoribbons  have  a  preferred 
orientation,  thus  aligning  the  elongated  ZnO  rods  to  some  degree  as 
well.  This  may  lower  the  threshold  for  lasing  relative  to  pure  ZnO 
powder  samples.  In  conjunction  with  top-down  methods  for 
patterning,  such  orienting  processes  may  be  useful  in  the  preparation  of 
photonically  active  microscopic  structures. 


METHODS _ 

REF1ECT10N-M.0JDE  PKOTOLUMINESCENCE 

A  355  nm  Nd:YAG  laser  (Continuum,  VG  601 )  was  used  for  the  photoluminescence  experiments. 

An  aperture  limited  the  laser  beam  diameter  to  -0.5  mm.  The  gel  was  scanned  with  the  laser  from  the 
bottom  to  the  top  of  the  glass  vial  in  0.5  mm  steps.  Photoluminescence  was  measured  in  reflection 
mode  from  tiie  ZnO  or  CdS  particles  dispersed  in  the  gel.  The  mineral  particle  concentration  was 
assumed  to  be  proportional  to  the  integrated  photoluminescence  intensity. 

TEM.OE^UlTRAMICROIOJVlEaSAMPLES 

The  poled  DRC  nanoribbon  film  was  pre-stained  with  a  2%  aqueous  solution  of  OsO^  for  two  hours, 
and  then  frozen  and  lyophilized.  The  film  was  placed  in  EMbed  81 2  embedding  medium  ( Electron 
Microscopy  Sciences)  that  was  polymerized  at  70  “C.The  ultrathin  sections  of  the  DRC  film  parallel 
and  perpendicular  to  the  poling  direction  were  cut  on  an  ultramicrotome  device  (MT600,  RMC). 

The  sections  were  then  mounted  on  copper  TEM  grids,  post-stained  in  OSO4  vapour,  and  studied  with  a 
Hitach  i  8 1 00  HR  TEM  at  an  accelerating  voltage  of 200  kV. 

A  Q-switchcd  Nd:YAG  laser  (Quanta  Ray,  DCR- 1)  (1,064  nm,  10  Hz,  5  ns),  either  p-  or  s-polarized,  was 
used  for  the  SHG  experiments.  The  focused  1 ,064-nm  fundamental  beam  was  incident  normal  to  the 
poled  DRC-ZnO  film,  whose  poling  direction  was  chosen  to  be  parallel  to  the  electric  field  of  the 
p-polarized  incident  laser.  The  second  harmonic  at  532  nm  generated  from  the  ZnO  nanocrystals  was 
separated  from  the  fundamental  by  an  infrared  filter  and  a  monochromator.  The  light  was  collected  in  a 
photomultiplier  tube,  and  the  signal  was  recorded  with  a  digital  data  acquisition  system  (SRS  Boxcar, 
SR280).  A  polarizer  was  placed  right  after  the  sample  to  selectively  pass  the  p-  or  s-component  of  the 
SHG  signals  generated. 
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